Abstract A composite consisting of gold nanoparticles and reduced graphene oxide (AuNPs@rGO) was electrochemically prepared in-situ on a screen printed electrode (SPE) which then was used as an immunosensor for the cardiac biomarker myoglobin. The nanocomposite was characterized by transmission electron microscopy (TEM, scanning electron microscopy (SEM), atomic force microscopy, FTIR and electrochemical impedance spectroscopy. For FTIR, TEM and SEM, the deposition was done on indium tin oxide coated glass plates. The immunosensor was obtained by immobilization of inhouse generated antibody against cardiac myoglobin on the electrode surface. The immunosensing response was monitored using differential pulse voltammetry, which showed a reduction peak at~−0.5 V (vs. Ag/AgCl). The reduction peak arises from the reduction of iron moiety present in the heme group of myoglobin. The immunosensor exhibited dynamic linearity range from 1 ng.mL −1 to 1400 ng.mL −1 with the detection limit of~0
Introduction
Cardiac Myoglobin (Mb) is one of the earliest biomolecule released in the blood stream after the acute myocardial infarction (AMI). According to the National Academy of Clinical Biochemistry (NACB) recommendations, the level of an early marker within 6 h of the onset of symptoms and a definitive marker with high specificity and sensitivity in blood can be utilized for diagnosis of AMI [1, 2] . The small size (17.8 kDa) of myoglobin allows its quick release and circulation to raise the concentration. A serum concentration of myoglobin greater than 110 μg.L −1 is considered abnormal and indicative of AMI.
Standard assays to detect cardiac markers such as ELISA are sensitive (LOD ≥ 1 ng.mL ) but suffer from significant sample and reagent consumption in large scale studies. Moreover, they are performed in central laboratories of clinics and hospitals and take a long time (≥ 6 h). This makes the method inappropriate for taking quick decisions in case of heart attack. The development of new method for rapid analysis of the biomarkers can help physicians to improve their diagnostics ability and provide an early, accurate and point of care diagnosis. Electrochemical biosensors/immunosensors Suman Singh and Satish K. Tuteja contributed equally to this paper.
Electronic supplementary material
The online version of this article (doi:10.1007/s00604-016-1803-x) contains supplementary material, which is available to authorized users.
are currently investigated as solutions for point-of-care diagnosis. Electrochemical immunosensors have been widely recognized as a potential analytical tool due to their simplicity, sensitivity, specificity, easy miniaturization and cost effective.
For electrochemical detection of cardiac myoglobin, many matrices have been used by researchers. The biofunctionalized platinum (Pt) nanoparticles were used for myoglobin immunosensing [3] . The self-assembled monolayer based immunosensor was fabricated on gold electrode for cardiac myoglobin estimation using impedance spectroscopy [4] . The electrode fabrication comprised three steps; formation of mixed self-assembled monolayers (mSAM) on gold electrodes using a mixture of biotinyl-phospholipid and mercaptohexadecanoic acid, neutravidin functionalization, (c) attachment of biotinyl anti-myoglobin antibodies. The didodecyldimethylammonium bromide stabilized metal nanoparticles (gold, silver, copper) were used for cardiac myoglobin immunosensing [5] . The nanoparticles were tested as catalysts of the Fe(III)/Fe(II) redox reaction, which takes place during electrochemical reaction of myoglobin. But most of these methods possessed complexity in matrix preparation and involved multiple steps for immunosensor fabrication.
The carbon based matrices are finding considerable attention for use in bioanalytical applications like immunosensing. Among various carbon based structures, graphene and its composites, especially with metal nanoparticles had been the material of choice due to inherent properties like large surface area for loading or dispersion, good electrical conductivity, high density of the electronic states over a wide energy range and rich edge sites [6] [7] [8] [9] [10] . The presence of nanomaterials in turn can contribute to the enhancement of available surface area for interactions due to their quantum size effect. In biosensing/immunosensing applications, the metal nanoparticles and graphene composites are known to facilitate direct electron transfer between sensing biomolecules (enzymes & antibodies) nd are widely used for such applications. For enzyme or antibody based sensing, the electrical contacts of biomolecules with electrodes are pre-requisite. Generally, the active sites of proteins/biomolecules are buried deep inside in a hydrophobic cavity of the molecule. As a result, the electron transfer between active centers and electrodes is blocked. The metal nanoparticles due to their conductivity act as electron transfer mediators or as electrical wires, thus allowing the proper tunneling of electrons. Graphene in addition, has good affinity to proteins, and its conductive network promotes the electrons transfer between the proteins and electrode surface.
In present work, the composite of gold nanoparticles and reduced graphene oxide (AuNPs@rGO), has been used as matrix for immobilization of anti-myoglobin antibodies for the detection of cardiac myoglobin. The composite has been synthesized in-situ electrochemically in one step with no use of external reducing agent or linker on screen printed electrodes (SPE). The process can be performed with minimal sample preparation. There are many reports on in-situ synthesis of composite of gold nanoparticles and reduced graphene oxide but most of them either require high temperature for synthesis or require reducing agents. Li et al. [11] reported the synthesis of AuNPs decorated rGO in which rGO was prepared electrochemically but the gold nanoparticles were prepared chemically using glucose as reducing agent. The colloidal solution of chemically synthesized nanoparticles was added to colloidal solution of GO and was reduced electrochemically to form AuNPs decorated rGO. Liu and his team [12] reported the in-situ synthesis of gold nanoparticles on reduced graphene oxide for glucose sensing. The study also involved the synthesis of reduced graphene oxide but gold nanoparticles were reduced using hydrazine hydrate as reducing agent. Li et al. [13] , reported electrochemical synthesis of AuNPs-rGO composite but used H 2 SO 4 as an electrolyte, which is acidic in nature. Qin and his team [14] reported one-pot synthesis of AuNPs-rGO chemically involving heating at 90°for 30 min. The protocol involves high temperature and is time taking.
The antibodies used for cardiac myoglobin detection were generated in-house and were thoroughly characterized for their binding with myoglobin. The AuNPs@rGO based immunosensor showed good sensitivity towards myglobin and has been tested for real sample analysis also.
Experimental section

Materials, instrumentation and methods
Myoglobin antigen was procured from My Biosource (USA) (http://www.mybiosource.com). Sulfuric acid (H 2 SO 4 ), phosphoric acid (H 3 PO 4 ) potassium permanganate (KMnO 4 ) , hydrogen peroxide, sodium acetate, potassium ferri cyanide and potassium ferro cyanide were obtained from Merck Pvt. Ltd. The graphite powder, sodium nitrate (NaNO 3 ), acetic acid, sodium hydroxide and hydrochloric acid (HCl) were obtained from Loba Chem. De-ionized water from Millipore water purifier was used for solution preparation. Human serum samples were provided by Public Computerised Laboratory, Fatehgarh, Punjab (India).
The electrochemical synthesis of rGO and its composite with gold nanoparticles (AuNPs@rGO), cyclic voltammetric studies were performed on electrochemical analyzer from CH Instruments, Model CHI-1100, USA (http://www. chinstruments.com). The deposition was done on carbon coated screen printed electrodes (SPE) (50 × 13 mm, with working diameter of 3 mm), obtained from Zensor (www. zensor.com). The SPE is a three electrode configuration; working, counter and reference electrodes, printed on various types of plastic or ceramic substrates. The impedance studies were done on impedance analyzer from CHI Instruments Inc., USA, (Model 660 C). For TEM, SEM and FTIR studies, the electrochemical reduction was done on indium tin oxide (ITO) coated glass plates (1 cm × 1.5 cm), using it as a working electrode, platinum wire as an auxiliary and Ag/AgCl as reference electrode. The rGO and its composite get deposited on conductive ITO surface in the form of black film. The absorbance was measured on UV-Visible spectrophotometer (Hitachi, U 3900 H) in transmittance mode. The FTIR spectra were recorded on Varian FTIR system (600 series, USA), (www.agilent.com). The Raman spectra of GO and AuNPs@rGO were obtained using Raman analyzer from Renishaw, UK, (http://www.renishaw. com/). The atomic force microscopic (AFM) images of GO, rGO and AuNPs@rGO were recorded on Parks Systems XE-AFM (http://www.parkafm.com). The IV measurements were done with two probe station (Keithley). The contact angle measurements were performed on DSA 100, (Kruss, Germany), using sessile-drop technique and analysis was performed using 'ADVANCED' software.
Myoglobin antibody production and characterization
Specific antibodies against cardiac myoglobin were generated by immunizing young white New Zealand rabbits using standard immunization protocol, which is provided in Supplementary Material.
Synthesis of graphene oxide (GO) and AuNPs@rGO composite
The graphene oxide was prepared using modified Hummer's method. Briefly, the protocol is as follows. The graphite powder (5 g) and sodium nitrate (NaNO 3 ) (2.5 g) were mixed in 1:0.5 ratio in 100 mL of sulfuric acid (H 2 SO 4 , 95.9 %). Then, the phosphoric acid (H 3 PO 4 , 85 %) (12 mL) was added slowly and the solution was stirred in an ice bath for 10 min. Further, 15 g of potassium permanganate (KMnO 4 ) was slowly added, so that the temperature of the mixture can be controlled below 5°C. The suspension was then left in ice bath for 2 h to react, followed by heating at 40°C for 60 min in oil bath. Again, the mixture was heated at constant temperature of 98°C for 60 min while water was added continuously with stirring. The final volume of 400 mL was made by adding deionized water. After 5 mins, 15 mL of hydrogen peroxide (H 2 O 2 , 30 %) was added with constant stirring. The reaction product was centrifuged and washed with DI water and 5 % HCl solution repeatedly. Finally, the product was dried in a heating oven at 60°C for 8 h. The GO showed brown color when dispersed in aqueous solution, exhibited good dispersion which can be due to oxygenated groups on the basal plane and edge of GO surface [15] .
The rGO was synthesized by reducing GO using cyclic voltammetry, in which the potential was cycled between 0.0 V to −1.6 V (vs Ag/AgCl), at scan rate of 50 mV.s
, for 20 cycles. The deposition was done on carbon coated screen printed electrodes (SPE), except for FTIR, SEM and TEM studies for which deposition was done on ITO glass plates (1 cm × 1.5 cm). Presently, screen printed electrodes (SPEs) are widely being used for developing sensing platforms due to their own inherited properties [16] . The working sample volume required with these electrodes is very less and this results in overall cost reduction of analytical test. The electrochemical solution consisted of colloidal solution of GO (1 mg.mL −1 ) dissolved in sodium acetate buffer. The sodium acetate buffer played dual role (i) it acts as buffering medium (ii) the sodium ions (Na + ) ions act as intercalant. Intercalation of sodium ions prevent electrochemically reduced graphene sheets from restacking and provides the rGO modified electrode with more electrochemically active surface area. After electrochemical reduction, the electrodes were washed with deionized water and were kept in oven for 5 min at 50°C to ensure the complete evaporation of solvent and to increase the adhesion of rGO molecules on electrode surface. For composite synthesis with gold nanoparticles, 50 μL of auric acid (1 mM) was added to 200 μL colloidal solution of GO and was sonicated for 5 min to ensure proper dispersion of two components. The 10 μL of this solution was drop casted on screen printed electrode and the potential was cycled from +2.0 V to −2.0 V (vs Ag/AgCl) for 20 cycles, at scan rate of 50 mV.s 
Fabrication of SPE/AuNPs@rGO/Mb Ab immunosensor
The myoglobin specific antibodies were immobilized on SPE/ GO, SPE/rGO and SPE/AuNPs@rGO electrodes. For the purpose, the electrodes were incubated for two hours at 37°C with sodium acetate buffer containing 100 μg.mL −1 Mb Ab .
The electrodes were then thoroughly washed with sodium acetate buffer (pH 7.0) to remove any unbound antibody molecule and were dried in nitrogen flow. This was followed with blocking of non-specific binding sites using 1 % bovine serum albumin (BSA) solution and then again washed with buffer. The electrodes were stored at 4°C when not in use. The stepwise fabrication of immunosensor is depicted in Fig. 1 .
Results and discussion
Electrochemical synthesis of rGO and AuNPs@rGO
Figure 2(a) shows cyclic voltammogram (CV) of electrochemical reduction of GO which shows a reduction peak at −1.04 V. The electrons work as intrinsically environmentallyfriendly reducing reagent, leading to the formation of rGO [17, 18] . Wang et al. studied the electrochemical reduction of graphene oxide film [19] . Authors explained the mechanism of reduction of graphene oxide with two assumptions. First assumption was the reduction due to the direct charge transfer between metal electrode and G-O sheets. The second assumption was the reduction by nascent hydrogen atoms produced near electrode surface during water electrolysis process. During water electrolysis, following reaction takes place
The hydrogen gas generating at the edges of graphene oxide in turn might contribute to the reduction process of graphene oxide.
The linear increase in peak current with successive cycles indicated continuous deposition of conducting graphene on the electrode surface. After about 10-12 cycles, the current intensity became constant and a stage is reached where electrochemically active surface area reached at its maximum value. The inset of figure shows linear sweep voltammetry (LSV) of rGO, run after the reduction process. The absence of any During electrochemical deposition, the color of electrode surface also changed from black to blackish red due to the presence of AuNPs with rGO. A cathodic hump at −1.98 V (vs. Ag/AgCl) corresponds to the electrochemical reduction of GO and reduction peak at 1.0 V (vs. Ag/AgCl) confirms the electrochemical reduction of Au III to Au 0 [20] . An anodic hump at 1.56 V (vs. Ag/AgCl) on reverse scan corresponds to oxidation of AuNPs. The advantage of this in-situ electrochemical synthesis is direct immobilization of AuNPs on the surface of rGO, without any linker molecules to facilitate electron transfer between the two components. The AuNPs were electrodeposited individually also on ITO to confirm the electrochemical synthesis of nanoparticles under the cycled potential
Characterization of composite
The reduced GO and AuNPs@rGO were studied for their spectroscopic properties by FTIR and Raman spectroscopy. The FTIR of GO (Fig. 2c) showed absorption peaks in the range 1109 cm −1 to 1323 cm −1 , corresponding to the stretching vibration of C-O of carboxylic acid and C-OH of alcohol, respectively. These peaks disappeared after reduction of GO into graphene and it's composite, suggesting the removal of oxygen moieties from graphene oxide. However, there can be the probability that entire oxygen moieties are not removed. The presence of some oxygen functionalities is an advantage also as they can facilitate the reduction of Au 3+ by acting as source of electrons. Goncalves et al. [21] studied the role of oxygen moieties at GO and rGO surfaces on the gold nucleation and growth. They reported that the nucleation and growth mechanism depends strongly on the degree of oxygen functionalization on the graphene surface. No AuNPs was reported to be observed at totally reduced graphene surfaces. The absorption peak at 1359 cm −1 is attributed to C-H rocking band and the broad peak at 3450 cm respectively. The Raman spectroscopy was done to extract the characteristic features of band gap of rGO and AuNPs@rGO composite (Fig. 2d) . The Raman spectra showed respective 'D', and 'G' bands at 1340 cm , respectively for rGO. The G band corresponds to the E 2g mode and D band is attributed by in-plane A 1g zone-edge mode [22] . The 'D' bands got shifted to higher wavenumber to 1354 cm waal forces are more dominant in rGO as compared to its composite with AuNPs. After the formation of composite, the gold nanoparticles intercalate in between the graphene layers as well as get impregnated on the surface, which diminishes restacking. Figure 3 (a) shows TEM of rGO, which clearly shows sheet like structure, having wrinkles on its surface. The wrinkles are formed due to restacking and crumbling of GO sheets during electrochemical reduction. The wrinkling is known to reduce the surface energy, increases surface area and mechanical strength with high Young's modulus The tensile strength and good film-forming ability also increases, due to nanoscale sheet interlocking [24] . In Fig. 3b , the presence of AuNPs on rGO sheet can easily be observed. The Fig. 3c presents SEM of AuNPs@rGO which shows clear distribution of nanoparticles on rGO matrix. The nanoparticles formed an inter-penetrating network for favorable conduction pathways of electron transfer. Figure 3(d) shows TEM of electrochemically synthesized gold nanoparticles. The nanoparticles are well dispersed. However, at some places, cluster of 2-3 particles is seen. Figure 3(e) shows Energy Dispersive X-ray Spectroscopy (EDS) of nanoparticles, clearly showing the presence of gold nanoparticles on copper grid. The Fig. 3(f) shows selected area (electron) diffraction (SAED) pattern of AuNPs, indicating fcc facet of NPs, with good crystallinity. The electrical behaviour of rGO and AuNPs@rGO composite was studied with two probe station. The composite showed lower charge transfer resistance and better conductivity as compared to pristine rGO (Fig. 4(a) 2+ is observed in all graphs, there was difference in current intensity. The current intensity of SPE/GO was less than the bare SPE and is attributed to the insulating property of GO. Moreover, the GO exhibits negative charge, originating from ionization of carboxylic acid and phenolic hydroxyl group, and hence repels negatively charged [Fe(CN) 6 ] 3−/4− ] to reach the electrode surface. Compared to the GO modified electrode, the SPE/rGO electrode showed increased current density due to good conductivity, and large surface area of rGO [25] . The SPE/AuNPs@rGO electrode showed significant enhancement in current due to electrocatalytic effect AuNPs and large surface area shown by nanostructured electrodes [26] along with contribution from oxygen related defects in rGO [27] . After immobilization of antibodies, the current decreased due to the insulating behaviour of antibodies. The electrochemically active surface area (EASA) of differently modified electrodes has been calculated using Randles-Sevick equation; I p = (2.6 x 10 electrochemically reduced graphene sheets from re-stacking. In case of composite, along with intercalation of Na + ions, AuNPs also get themselves assembled on graphene sheets, thereby increasing the effective surface area [28] . The thickness of diffusion layer has been calculated using the relationship δ = (2DΔE/ ) 1/2 , where D is diffusion coefficient, ΔE is peak to peak separation, and is scan rate. As the peak to peak difference decreases, diffusion layer thickness also increases. The diffusion layer thickness was found minimum for AuNPs@rGO modified electrode (5.2 × 10 −3
) and was maximum for graphene oxide modified electrode (6.76 × 10
−3
). The nanoparticles and rGO being electrochemically active allow the electroactive ions to cover diffusion layer fast. This results in the reduction of diffusion layer thickness. The cluster capacitance has also strong relation with peak to peak separation. Decrease in peak to peak separation results in increase in cluster capacitance (C). The AuNPs@rGO composite had minimum peak to peak separation as compared to other modified electrodes and hence showed increased cluster capacitance. The band gap is also related to electrochemistry of involved species. The band gap (E g ) has been calculated for all differently modified electrodes and showed a trend of 0.094 > 0.125 > 0.159 > 0.127 > 0.1276 eV for SPE/ AuNPs@rGO, SPE/rGO, SPE/GO, Bare SPE, and SPE/ AuNPs@rGO/Mb Ab respectively. These values of band gap show that the composite supports fast electron transfer. The antibody modified electrode showed highest band gap. This can be attributed to the hindrance caused by insulating behaviour of proteins. The electrochemical parameters obtained for differently modified electrodes are shown in Table S1 . Figure 4 (c) shows impedance of electrodes recorded in 0.1 M KCl solution containing ferro-ferri counter ions, by sweeping the frequencies from 105 to 0.1 Hz. And since ferricyanide solution can act as mild oxidant as well, this can result in the denaturation of some proteins. Therefore, the impedance was recorded in acetate buffer also (Fig. 4(d) ). Respective inset contains Randel's equivalent circuit for these modified electrodes For EIS measurements in buffer, the equivalent circuit contains only R s , R ct and C dl component. The change in the diameter of semicircle is an indication of change in charge transfer resistance. In the circuit, the parameter R s corresponds to the resistance of the solution; R ct represents the resistance to the charge transfer between the solution and the electrode surface; C dl is the capacitance of the double layer. The capacitance generates due to the interface between the polarized electrode and the electrolytic solution. The solution resistance (R s ) is real axis value at high frequency intercept, near the plot origin. The real axis value at low frequency intercept is the sum of polarization resistance and solution resistance. The diameter of the semicircle is therefore equal to the polarization resistance. Among these impedance parameters, the change in charge transfer resistance value (R ct ) with the modification of electrode surface has been focused. In PBS, the plot contained only semi-circle (Fig. 4(c) ), which shows that there is no diffusion of ions. The GO modified electrode showed largest charge transfer resistance as compared to rGO and AuNPs@rGO composite. This high resistance can be due to the presence of excessive oxygenated species. The oxygen functionalities introduce insulating characteristics and hinder its electrochemical properties [15] . The R ct value of rGO decreased as compared to GO due to successful elimination of electrochemically unstable oxygen species during the reduction. The diameter of semicircle for AuNPs@rGO modified electrode is minimum. This might be due to the contribution from two electroactive components used (gold nanoparticles and graphene). The gold nanoparticles due to their nanoscale dimension provide large surface area for electrochemical reaction, facilitate electron transfer kinetics and at the same time act as conduction medium. The graphene, on other hand, exhibit enhanced electronic properties and contributes to signal amplification in electrochemical detection [6] . After immobilization of antibodies on SPE/AuNPs@rGO, the diameter of semicircle again increased. This resistance can be due to the insulating behaviour of antibodies. The values of change in R ct , (derived from semicircle diameter), along with the values of other components are presented in Table S2 .
On other hand, the EIS recorded in ferro/ferri system displayed both a semi-circle and a linear portion (Fig. 4(d) ). The semicircle appeared at higher frequencies, corresponding to the electron-transfer-limited process and linear part appeared at lower frequency range, related to the diffusionlimited process. The electrochemical reaction suggests that initially the process is controlled by charge transfer. But later on due to diffusion of ions to the electrode surface, the reaction becomes diffusion controlled. For linear portion, the equivalent circuit contains an additional component, which is called as Warburg impedance. It appears from the diffusion of ions from the bulk electrolyte to the electrode interface or inside the material. At high frequencies, the Warburg impedance is small since diffusing reactants do not have to move very far. At low frequencies the reactants have to diffuse farther, thereby increasing the Warburg impedance. As compared to GO, the straight line in the low frequency region (corresponding to a diffusion-limiting process) for rGO and AuNPs@rGO is less inclined, suggesting uniform diffusion paths for protons within rGO after reduction.
The results of contact angle measurement are discussed in supplementary document, Figure S4 .
Analytical response of immunosensor for myoglobin detection
The binding assay for myoglobin shows that the sera and purified antibody synthesized in-house are able to recognize the target antigen with significantly high titer ( Figure S4 (a) ).
The sandwich assay was used to determine the myoglobin in standard by employing monoclonal anti-myoglobin as receptor and polyclonal anti-myoglobin as its match pair. As the myoglobin concentration increased, the absorbance signal at 450 nm also increased. With bovine serum albumin, cardiac troponin (cTnI) and control, insignificant signals were obtained ( Figure S4 (b) ). The linearity was achieved from 4.394 ng.mL −1 to 281.25 ng.mL
, having R 2 value of 0.98 and LOD of~4 ng.mL −1 showing that the assay generated is very sensitive and specific method for myoglobin detection. The AuNPs@rGO composite based immunosensor was used for myoglobin detection using differential pulse voltammetry (DPV). Initially, the myoglobin detection was done using SPE/GO/Mb Ab , SPE/rGO/Mb Ab and SPE/ AuNPs@rGO/Mb Ab electrodes (Fig. 5a ) to study their sensitivity towards myoglobin. Though all the three immunosensors showed a reduction peak at~−0.5 V (vs. Ag/AgCl) for electroactive Mb where Fe (III) gets reduced to Mb Fe (II) but there is difference in the current density degenerated during the electrochemical reaction. The myoglobin structure consists of iron centre with porphyrin ring. During electrochemical reaction, this iron moiety undergoes redox reaction [Fe (III)/Fe (II) and vice-versa]. Being highly electroactive, many researchers have used myoglobin either as a protein model [29, 30] or as a catalyst for many electrochemical reaction [31, 32] .
The graphene oxide based immunosensor showed current intensity of~1.08 × 10 −6 A, which increased to 8.0 × 10 −6 A, when rGO modified immunosensor was used. The insulating behaviour of graphene oxide created a hindrance for electron transport. The maximum response was obtained with AuNPs@rGO composite modified immunosensor due to the presence of highly conductive and electro-catalytic components. The decoration of gold nanoparticles on reduced graphene oxide results in increase in roughness and surface area which enables immobilization of more numbers of biomolecules. Figure 5a inset shows DPV run in PBS and myoglobin using SPE/ AuNPs@rGO/Mb Ab electrode to show that the response is purely from the reduction of myoglobin, not from the background interferences. Figure 5b shows DPV recorded with successive addition of aliquots of different concentrations of target myoglobin antigen and Fig. 5(c) shows respective linearity curve. In DPV, the current intensity increased gradually with increase in concentration of highly charged Mb protein, As the concentration of myoglobin increased, number of iron molecules undergoing reduction also increased and hence current increased. The immunosensor exhibited the dynamic linearity range from 1 ng.mL −1 to 1400 ng.mL −1 with detection limit of 0.67 ng.mL − 1 . The linearity range using electroimmunosensing is wider as compared to sandwich ELISA assay. The specificity of the immunosensor was evaluated by conducting DPV studies after incubating the immunosensor surface with bovine serum albumin (BSA), avidin and troponin, the other cardiac marker. The immunosensor showed selective behaviour towards myoglobin (Fig. 5d) . The reproducibility of the fabricated immunosensor was evaluated by repeating the myoglobin detection experiment four times with same immunosensor for same concentration of myoglobin, having standard deviation of 0.014. The inter assay between the electrodes is shown in supplementary document ( Figure S5 ), and the electrodes showed standard deviation of 0.014. The response measured in the form of DPV was almost same for all measurements (Fig. 5e ). The stability of the immunosensor was examined by carrying out the DPV measurements at an interval of three days, using same concentration of myoglobin and study showed the stability period of 4 weeks, when stored at refrigerated condition. Table S3 shows analytical data reported for myoglobin detection by other researchers and present work. As compared to those, the reported immunosensor possess good sensitivity and cover a wide linearity range.
Real samples
The fabricated immunosensor has been used for the detection of myoglobin in serum samples also using spiking method with known concentrations of myoglobin. The relative performance of the immunosensor with serum samples, in terms of linearity ( Fig. 5f ) is found to be almost similar with the synthetically prepared standard antigen concentrations in the buffer media (Table S4) .
Conclusion
The method presented for composite synthesis is fast and easy to perform. The composite exhibit enhanced properties due to contribution from two components; nanoparticles provide large surface area and graphene contributed to networking for fast electron transport. The composite based immunosensor showed high sensitivity for myoglobin, good stability and reproducibility, and lower detection limit for myoglobin detection. The immunosensor showed appreciable results with spiked samples also and hence finds applications in diagnostics. However, the protein or biomolecules based sensors always suffer from drawback of stability as they are highly sensitive to the temperature. Proteins get denatured at temperatures above 40°C. So, for proper functioning of such sensors, at least room temperature environment is pre-requisite.
